ABSTRACT Staphylococcus aureus is a major human pathogen whose infections are increasingly difficult to treat due to increased antibiotic resistance, including resistance to vancomycin. Vancomycin-intermediate S. aureus (VISA) strains develop resistance to vancomycin through adaptive changes that are incompletely understood. Central to this adaptation are metabolic changes that permit growth in the presence of vancomycin. To define the metabolic changes associated with adaptive resistance to vancomycin in S. aureus, the metabolomes of a vancomycin-sensitive and VISA strain pair isolated from the same patient shortly after vancomycin therapy began and following vancomycin treatment failure were analyzed. The metabolic adaptations included increases in acetogenesis, carbon flow through the pentose phosphate pathway, wall teichoic acid and peptidoglycan precursor biosynthesis, purine biosynthesis, and decreased tricarboxylic acid (TCA) cycle activity. The significance of these metabolic pathways for vancomycin-intermediate susceptibility was determined by assessing the synergistic potential of human-use-approved inhibitors of these pathways in combination with vancomycin against VISA strains. Importantly, inhibitors of amino sugar and purine biosynthesis acted synergistically with vancomycin to kill a diverse set of VISA strains, suggesting that combinatorial therapy could augment the efficacy of vancomycin even in patients infected with VISA strains.
vancomycin is by adapting its physiology and metabolism to permit growth in the presence of vancomycin, a process known as adaptive resistance. One metabolic adaptation that VISA strains commonly have is an alteration in their ability to catabolize incompletely oxidized carbon sources, such as acetate (8) . This adaptation is due in part to a reduction in tricarboxylic acid cycle activity. Because the metabolic adaptations involve central metabolism, it is likely that a broader array of metabolic changes are involved in intermediate-level susceptibility to vancomycin.
S. aureus strains demonstrating an intermediate level of resistance to vancomycin first emerged in Japan in 1996 and the following year in the United States (9) (10) (11) . These VISA strains had increased cell wall thickness that is thought to limit the access of vancomycin to its target, specifically, the nascent cell wall at the division septum (12) (13) (14) (15) (16) . Increased cell wall thickness is the most consistent phenotypic change observed in VISA strains (17) , while other cell wall changes (e.g., reduced peptidoglycan cross-linking or changes in the levels of penicillin-binding proteins) vary between strains (5). While the phenotype of VISA strains is fairly consistent, the genotypic changes display considerable variation (5) . In heterogeneous vancomycin-intermediate S. aureus (hVISA) and VISA strains, nonsynonymous single-nucleotide polymorphisms (SNPs) are frequently found in vraS, vraR, yvqF or vraT, walK, rpoB, graR, graS, and walR (18) . These genes are members of 2-component (i.e., walKR and graRS) and 3-component (i.e., vraTSR) regulators involved in cell wall biosynthesis and degradation and the alternative sigma factor B (i.e., rpoB), which is a stress response sigma factor (5, (18) (19) (20) . Most clinical VISA isolates have SNPs in one or more of these regulatory components (18) ; unfortunately, information regarding the contributions of most of these SNPs to metabolic changes is lacking (21) . To address this deficiency, the metabolic and physiological differences in the isogenic MRSA clinical isolates Q2275 (VSSA) and Q2283 (VISA) were characterized.
RESULTS
The VISA phenotype decreases growth yield, acetate catabolism, and TCA cycle activity. Previously, we observed that VISA strains were impaired in their ability to catabolize incompletely oxidized carbon compounds (i.e., acetate), which decreased their growth yields relative to those of VSSA strains (8) . To establish that this strain pair was consistent with our previous observations, growth was assessed by cultivation of strains Q2275 and Q2283 in tryptic soy broth (TSB) and hourly measurement of the optical density at 600 nm (OD 600 ) and pH of the culture media (Fig. 1A ). The two strains had similar doubling times, specifically, 28.4 Ϯ 0.6 min and 27.7 Ϯ 0.5 min for Q2275 and Q2283, respectively. While the growth rates were the same, the growth yield of strain Q2283 was slightly lower than that of strain Q2275 (Fig. 1A) . The growth yield difference between the strains was also reflected in pH profile differences of the culture media. These differences are consistent with previous observations (8) and indicate an alteration in post-exponential-phase metabolism in strain Q2283 relative to strain Q2275. To determine if the growth yield and pH profile differences between strains Q2283 and Q2275 were due to differences in acetate accumulation and depletion, acetate concentrations in the cultivation media were determined (Fig. 1B) . Consistent with the pH profiles, growth-normalized accumulation of acetate in the culture medium was reduced in strain Q2283 relative to that in strain Q2275. Acetate catabolism requires tricarboxylic acid (TCA) cycle activity and anaplerotic metabolites to offset the efflux of biosynthetic intermediates from the TCA cycle. Commonly, the anaplerotic metabolites are derived from amino acids, leading to the accumulation of ammonia in the cultivation media due to deamination reactions. The rates of ammonia accumulation in the culture media were similar between strains Q2283 and Q2275; however, the greater cell density achieved by strain Q2275 resulted in a greater ammonia concentration than that of strain Q2283 (Fig. 1C) . These data are indicative of strain Q2283 having an alteration in TCA cycle activity relative to strain Q2275; hence, the activity of aconitase was assessed (Fig. 1D) . In S. aureus, TCA cycle activity is largely repressed during exponential growth in nutrient-replete conditions and derepressed during post-exponential-phase growth when carbon is limiting (22) . As expected, both strains Q2275 and Q2283 had minimal activity during exponential growth (2 h). During the post-exponential-growth phase (6 h), both strains Q2275 and Q2283 had increased aconitase activity relative to that of the exponential-growth phase; however, strain Q2275 had significantly (P Ͻ 0.05) more aconitase activity than did strain Q2283. Overall, these data are consistent with a VISA phenotype having decreased acetate catabolism and reduced TCA cycle activity (8) .
The VISA metabolome is significantly altered from the VSSA metabolome. During the post-exponential-growth phase, VISA strain Q2283 had significantly decreased aconitase activity, resulting in a diminished ability to utilize acetate relative to that of the VSSA strain Q2275 (Fig. 1) . To determine if these metabolic differences significantly altered the VISA metabolome, 1-dimensional (1D) 1 H nuclear magnetic resonance (NMR) metabolomics was performed on the VSSA and VISA strains during the exponential (2-h)-and post-exponential (6-h)-growth phases and the data were analyzed by principal-component analysis (PCA). The resulting PCA model yielded R 2 and Q 2 values of 0.8328 and 0.5709, respectively, which are consistent with a reliable model (23) . As expected, the PCA score plot of the 1 H NMR profiles revealed four distinct clusters. The greatest separation was temporal, due to the differences in the growth phases, followed by separation based on strain phenotype ( Fig. 2A) . This separation is more easily observed in the dendrogram, which reflects the P value distance between each node (Fig. 2B ). These data demonstrate that the transition to a VISA phenotype is accompanied by significant global metabolic changes in S. aureus.
To ascertain the metabolic changes that accompany the transition from a VSSA to a VISA phenotype, orthogonal projections to latent-structure discriminant analysis (OPLS-DA) was performed on the 1 H NMR spectral data for both growth phases (Fig. 2) . A valid OPLS-DA model was evident by an R 2 value of 0.9801, a Q 2 value of 0.8977, and a cross-validated analysis of variance (CV-ANOVA) P value of 2.62 ϫ 10 Ϫ5 . In OPLS-DA, class membership is supervised and variation between two groups is observed by the predictive component (x axis or Pp), while the orthogonal component (y axis or Po) represents all other variation in the analysis. There were several differences between the strains that were independent of the growth phase, including in their levels of betaine and glycerol, which were increased in VISA, and alanine and branched-chain amino acids (i.e., valine, isoleucine, and leucine), which were increased in VSSA. In contrast, the abundance of several metabolites was temporally altered. As an example, the pseudo-1D 1 H spectra indicate that the concentration of citrate was higher in strain Q2275 during the exponential-growth phase (2 h) but was higher in strain Q2283 during the post-exponential-growth phase (6 h) (Fig. 3 ). These data indicate that some changes associated with the VISA phenotype are growth phase dependent.
The VISA strain Q2283 increased carbon flow to cell wall precursor biosynthesis relative to that of the VSSA strain Q2275. 1 H NMR analysis of the exponential-and post-exponential-growth-phase metabolomes (Fig. 2 ) demonstrated that significant metabolic differences exist between strains Q2275 and Q2283. To better characterize these metabolic differences, [ 13 C 6 ]glucose and 2-dimensional (2D) 1 H-13 C heteronuclear single-quantum-coherence (HSQC) NMR were used to determine traced metabolic changes. Due to the minimal metabolic perturbations in the exponentialgrowth phase, these experiments were only performed on post-exponential-growthphase (6-h) bacterial cultures. The 2D 1 H- 13 C HSQC NMR spectral data of the [ 13 C 6 ]glucose-labeled metabolites of the VSSA and VISA strains were analyzed by PCA to assess the reliability of the model (Fig. 4A) . The resulting PCA model yielded R 2 and Q 2 values of 0.9831 and 0.7819, respectively, which are consistent with a reliable model. As expected, PCA revealed two distinct clusters coinciding with the VISA and VSSA strains. OPLS-DA was then performed on the data, and a valid model was evident by an R 2 value of 0.9831, a Q 2 value of 0.9065, and a CV-ANOVA P value of 2.76 ϫ 10 Ϫ10 . The OPLS-DA model was used to generate a pseudo-2D HSQC spectrum (back-scaled loadings) (Fig. 4B ). Peaks in the spectrum represent metabolites that produced the greatest contribution to the differences between the two strains, including dramatic shifts in the overall distribution of carbon. Specifically, changes were observed in TCA-cycle-derived metabolites, pyrimidine and purine nucleotide intermediates, and arginine-and proline-derived metabolites. To better visualize the relative intensities of the 2D 1 H-13 C HSQC NMR experiments, the data were plotted in a heatmap and bar graphs ( Fig. 5 and Fig. 6 ).
Relative to the VSSA strain Q2275, the VISA strain Q2283 increased its accumulation of glycolytic/gluconeogenesis pathway-associated metabolites, namely, glucose-6-phosphate, fructose-6-phosphate, 3-phosphoglycerate, and phosphoenolpyruvate (PEP). In addition, strain Q2283 shunted more carbon into the pentose phosphate pathway (PPP); this is indicated by the accumulation of the metabolites xylulose 5-phosphate and ribulose-5-phosphate. Consistent with the observation that VISA strains commonly have an increase in cell wall thickness (3), two peptidoglycan precursors, mannose and N-acetylglucosamine, for the pseudo-1D 1 H NMR spectra. OPLS-DA model validation yielded an R 2 of 0.9801, a Q 2 of 0.8977, and a CV-ANOVA P value of 2.62 ϫ 10 Ϫ5 . Peaks: 1, ␣-keto-isovalerate; 2, betaine; 3, glycerol; 4, citrate; 5, glutamate; 6, branch-chain amino acids; 7, alanine; 8, acetate; 9, acetyl-phosphate. were increased in strain Q2283 relative to the VSSA strain. Interestingly, a decrease in the alanyl-alanine dipeptide (the binding target of vancomycin) was observed in VISA strain Q2283 relative to VSSA strain Q2275. Carbon flux through the phosphotransacetylaseacetate kinase (Pta-AckA) pathway was also increased in VISA strain Q2283, as indicated by increased intracellular accumulation of acetate, acetyl-phosphate, and acetyl coenzyme A (acetyl-CoA). These data suggest that the VISA phenotype coincides with a redirection of carbon into cell wall precursor biosynthesis. Metabolic inhibitors targeting pathways important for the transition to the VISA phenotype facilitate bacterial killing. The metabolic differences between strains Q2275 and Q2283 provided an opportunity to assess if metabolic inhibitors could be used in combination with vancomycin to enhance killing of VISA and/or VSSA strains. Metabolic data indicated that VISA strain Q2283 had increased purine biosynthesis relative to VSSA
FIG 5 Legend (Continued)
heatmap was generated by using 2D 1 H-13 C HSQC NMR spectrum-normalized peak intensities of the VSSA or VISA strain, and hierarchical clustering is depicted by the dendrogram. The color scale ranges from 0 (red; less intense) to 1 (green; intense). Statistical significance is denoted by a single asterisk if determined using Student's t test at the 95% confidence level or by two asterisks if determined by Student's t test with a Bonferroni correction for multiple-hypothesis testing (60) . 
FIG 6
Metabolic changes associated with select pathways. After 6 h of cultivation, VISA strain Q2283 (dark-gray bars) had significantly altered metabolism from that of the VSSA strain Q2275 (light-gray bars). Bar graphs represent 2D 1 H-13 C HSQC NMR analyses (n ϭ 10), where the normalized intensities are plotted with the corresponding pathways for central carbon metabolism (A), arginine/proline biosynthesis (B), and purine biosynthesis (C). Statistical significance is denoted by a single asterisk if determined using Student's t test at the 95% confidence level or by two asterisks if determined by Student's t test with a Bonferroni correction for multiplehypothesis testing (60) . (D) Schematic representation of metabolic differences between strains Q2275 and Q2283. Green upward-pointing arrows in the pathways represent a metabolite increase in strain Q2275 relative to the level in strain Q2283, and a downward-pointing red arrow represents a decrease in strain Q2275 relative to the level in strain Q2283. Metabolite abbreviations: acetyl-P, acetyl-phosphate; F6-P, fructose 6-phosphate; G6-P, glucose 6-phosphate; GA3-P, glyceraldehyde 3-phosphate; 3P-G, 3 phosphoglycerate; PEP, phosphoenolpyruvate; Ru5P, ribulose 5-phosphate; X5-P, xylulose 5-phosphate. strain Q2275; hence, an inhibitor of purine biosynthesis was chosen for assessing its synergistic potential with vancomycin. Specifically, 6-mercaptopurine was chosen because it is a purine substrate analog, is approved for use in humans, and is occasionally used in the treatment of mycobacterial infections (24) (25) (26) . At the 16-g/ml concentration, 6-mercaptopurine had no effect on bacterial killing of either strain Q2275 or strain Q2283. When combined with sublethal concentrations of vancomycin, 6-mercaptopurine significantly (P values Ͻ 0.001) increased staphylococcal killing compared to vancomycin alone ( Fig. 7A and B) . Another metabolic difference between the strains was an accumulation of phosphoenolpyruvate in the VISA strain relative to the VSSA strain (Fig. 6 ). As with 6-mercaptopurine, when the PEP substrate analog fosfomycin was used in combination with vancomycin, bacterial killing was dramatically enhanced relative to that with either vancomycin or fosfomycin alone (P values Ͻ 0.001) (Fig. 7C and D) . These data indicate that it is possible to employ human-use-approved drugs in combination with vancomycin to facilitate S. aureus killing, irrespective of susceptibility to vancomycin.
To determine if the 6-mercaptopurine and fosfomycin synergistic effects were specific for this strain pair or more universal, timed killing assays were performed using six VISA strains (i.e., NRS12, NRS17, NRS56, NRS63, NRS118, and HIP5827) ( Table 1 ). Of the strains tested, two of six (i.e., NRS17 and HIP5827) were significantly more susceptible to 6-mercaptopurine and vancomycin than to vancomycin alone (P values Ͻ 0.05). All strains except NRS56 were significantly more susceptible to a combination of fosfomycin and vancomycin than to vancomycin alone after 8 h (P values Ͻ 0.05). Taken together, these data suggest that targeting the metabolic adaptations that permit growth in the presence of vancomycin can increase the efficacy of vancomycin, even against VISA strains.
DISCUSSION
S. aureus vancomycin intermediate-level susceptibility arises from genetic and metabolic alterations that result in an increase in cell wall thickness and decreased autolysis (8, 12-17, 27, 28) . To ascertain metabolic changes associated with the transition to a VISA phenotype, most studies have used transcriptional and/or proteomic approaches (29) (30) (31) (32) , while a few studies (21, 33, 34) have taken a direct metabolomic approach to determining metabolic changes associated with the development of the VISA phenotype. To address this deficiency, the metabolic differences between a VSSA and VISA strain pair isolated from a patient shortly after vancomycin treatment began and after treatment failure were assessed. The metabolic adaptations in the VISA strain included an increase in acetogenesis and increases in carbon flow through the pentose phos- phate pathway, amino sugar precursor biosynthesis, and purine biosynthesis. Consistent with our previous observations, the VISA strain also had decreased carbon flow through the TCA cycle (Fig. 4 , 5, and 6). If these metabolic changes are critical for the VSSA to VISA transition, then inhibiting these metabolic pathways could aid in overcoming vancomycin intermediate-level susceptibility. Precedent for this strategy is seen in the two-drug combination of amoxicillin and the ␤-lactamase inhibitor potassium clavulanate, which was introduced as augmentin in 1981. The transition to a VISA phenotype altered the availability of PEP and purine biosynthetic intermediates, which suggests that gluconeogenesis and biosynthesis of amino sugars and purine are important for vancomycin intermediate-level susceptibility. Human-use-approved substrate analogs of purines and PEP are available and were used to assess the importance of these metabolic pathways to the VISA phenotype. Specifically, fosfomycin and 6-mercaptopurine were chosen. 6-Mercaptopurine is an inhibitor of purine synthesis that targets hypoxanthine-guanine phosphoribosyltransferase and is used for remission induction and maintenance therapy of acute lymphatic leukemia and Crohn's disease. UDP-N-acetylglucosamine enolpyruvyl transferase (MurA) is an enzyme involved in peptidoglycan synthesis and amino sugar recycling that is inhibited by the antimicrobial fosfomycin (35) . Interestingly, pyruvate kinase (PykA) is implicated in vancomycin intermediate-level susceptibility and could also be a target of fosfomycin (32, 36) . When fosfomycin and 6-mercaptopurine were combined with vancomycin in cultures of strains Q2275 and Q2283, bacterial growth decreased relative to that after use of vancomycin alone, irrespective of vancomycin susceptibility (Fig. 7) . Fosfomycin had an inhibitory effect on its own that was enhanced when used in combination with vancomycin for both strains, while 6-mercaptopurine did not significantly affect growth in the absence of vancomycin. These results were expected because the metabolomic data were derived from S. aureus strains Q2275 and Q2283. When the same experiment was conducted on a panel of VISA strains (Table 1) , the fosfomycin and vancomycin combination proved generally effective at reducing bacterial growth; however, the combination of 6-mercaptopurine and vancomycin was strain dependent. These data provide proof of the concept that metabolic inhibitors combined with vancomycin can resensitize to vancomycin bacteria that have an intermediate level of susceptibility to vancomycin. While this study is limited to human-use-approved drugs that function as metabolic inhibitors, it provides a platform to explore rational drug design for use in combinatorial therapy and to further explore combinatorial possibilities of human-use-approved drugs.
MATERIALS AND METHODS
Bacterial strains. MRSA strains from the same patient were obtained shortly after vancomycin therapy began (Q2275) and after approximately 1 week of vancomycin therapy (Q2283). Q2275 is a VSSA strain (MIC of 2 g/ml), while Q2283 is a VISA strain (MIC of 8 g/ml). Pulsed-field gel patterns demonstrated that the two strains were from the same clonal complex 5 group, and sequencing at the J. Craig Venter Institute determined them to be identical with the exception of a limited number of SNPs. VISA strains NRS12, NRS17, NRS56, NRS63, and NRS118 were obtained from the Network on Antimicrobial Resistance in Staphylococcus aureus, while strain HIP5827 is from Gordon Archer (37) .
Bacterial-cultivation conditions. Bacteria were cultivated in filter-sterilized tryptic soy broth (TSB; Becton Dickinson), in TSB without dextrose (Becton Dickinson) supplemented with 0.25% [ 13 C 6 ]glucose (Cambridge Isotope Laboratories), or on TSB plates containing 1.5% agar. Cultures were inoculated at an optical density at 600 nm (OD 600 ) of 0.01 into prewarmed TSB from a 2-h preculture, using a flask-tomedium ratio of 10:1, and grown at 37°C with 225-rpm aeration. Growth was assessed by hourly measurement of the OD 600 and pH of the culture.
Growth with vancomycin, fosfomycin, and 6-mercaptopurine. Chemicals were purchased from Sigma (i.e., vancomycin and fosfomycin) or Acros Organics (i.e., 6-mercaptopurine). Bacteria were cultivated in 14-ml culture tubes containing TSB (2 ml) overnight with 225-rpm aeration at a 45-degree angle and at 37°C. Precultures were started by adding 25 l of overnight culture to 12.5 ml of TSB in a 125-ml flask and grown for 2 h with 225-rpm aeration at 37°C. Exponential-growth-phase bacterial cultures were diluted in TSB to generate an OD 600 of 0.08. A total of 10 l of these starter cultures was inoculated into 2 ml of TSB containing antibiotics and cultivated with 225-rpm agitation at 37°C. Samples (120 l) were collected at 0, 2, 4, and 8 h for determination of numbers of CFU per milliliter. Specifically, 100 l of 10-fold serial dilutions in phosphate-buffered saline were spread on TSB agar plates and colonies were counted after 24 h of growth at 37°C. Two-way ANOVA tests on the log numbers of CFU per milliliter were performed on three independent replicates using SigmaPlot 11.0 for Windows (Systat Software, Inc.).
Measurement of acetate and ammonia concentrations in cultivation media. To determine acetate and ammonia concentrations in the culture media, bacteria (1.5 ml) were harvested by centrifugation for 2 min at 16,100 ϫ g at 4°C, and the supernatants were removed and stored at Ϫ20°C until use. Acetate and ammonia concentrations were determined with kits purchased from R-Biopharm and used according to the manufacturer's directions.
Aconitase activity assay. Aconitase activity assays were performed as described previously (38) . Bacteria were harvested during exponential growth (2 h) and in the post-exponential-growth phase (6 h) and cell-free lysates were prepared. Results represent the mean and standard deviation of results from three independent experiments.
Nuclear magnetic resonance (NMR) sample preparation. Samples were prepared as described previously, with one alteration (38, 39) ; to minimize variation due to sample processing and handling, the collection order was randomized.
NMR data collection. Lyophilized cell-free lysates were suspended in 600 l of 100% 50 mM D 2 O phosphate buffer (uncorrected pH ϭ 7.2) with 50 M or 500 M 3-(trimethylsilyl) propionic-2,2,3,3-d 4 acid sodium salt (TMSP-d 4 ) added for 1D 1 H or 2D 1 H-13 C HSQC NMR, respectively. 1D and 2D NMR data were collected and processed as described previously (40) . Briefly, NMR spectra were collected on a Bruker Avance III-HD700-MHz spectrometer equipped with a quadruple resonance QCI-P cryoprobe ( 1 H, 13 C, 15 N, 31 P), and a SampleJet automated sample changer. All 1D 1 H NMR spectra were collected with an excitation sculpting pulse sequence for solvent suppression (41) . Sampling parameters were set to 128 scans, 16 dummy scans, 32,768 data points, a spectral width of 11,160.7 Hz, and a relaxation delay of 1.5 s at 298K. 2D 1 H- 13 C HSQC experiments were carried out with parameters set at 64 scans, 16 dummy scans, 2,048 data points, a spectral width of 11,160.7 Hz, and a relaxation delay of 1.5 s in the 1 H direct dimension and 64 points, with a spectral width of 9,090.9 Hz in the 13 C indirect dimension.
NMR data processing and analysis. The 1D 1 H NMR and 2D NMR 1 H-13 C HSQC spectra were processed using the MVAPACK toolbox (http://bionmr.unl.edu/mvapack.php) (42). Briefly, 1D 1 H NMR spectra were processed with a 1.0-Hz exponential apodization function and then Fourier transformed. The resulting spectra were simultaneously phased and normalized with phase-scatter correction (PSC) (43) and then referenced to the peak of TMSP-d 4 (0.0 ppm). Noise and solvent regions were manually removed. For PCA, the spectral data were binned using the adaptive, intelligent binning algorithm (44) , and for OPLS-DA, the full-resolution spectral data were used to build the model. Pareto scaling was applied for both methods.
2D NMR 1 H-13 C HSQC spectra were processed in MVAPACK with a sine-bell apodization function, zero filled in both dimensions three times, and then Fourier transformed. The resulting spectra were manually phase corrected and standard normal variate (SNV) normalized, and both dimensions were referenced to the peak of TMSP-d 4 (0.0 ppm). The spectral data were binned using a generalized adaptive, intelligent binning algorithm (45) and Pareto scaled prior to PCA and OPLS-DA model generation. 2D NMR 1 H-13 C HSQC spectra were also processed using NMRPipe (46) and NMRViewJ (47) for metabolite assignments. Metabolites were assigned by matching experimental chemical shifts with those from the Platform for Riken Metabolomics (PRIMe) database and the Human Metabolome Database (HMDB) (48, 49) . Peak error tolerances of 0.08 ppm for 1 H and 0.25 ppm for 13 C dimensions were used. Metabolite pathway analyses were carried out by identifying the presence of metabolites with the Metacyc database (50), followed by cross-referencing using the MetaboAnalyst (www.metaboanalyst.ca) Web server and the KEGG databases (51) (52) (53) .
OPLS-DA models were internally cross-validated using 7-fold Monte Carlo cross-validation (54, 55) to compute Q 2 values, which were compared to a distribution of null model Q 2 values in 1,000 rounds of response permutation testing (56) . Fractions of explained variation (R 2 x and R 2 y ) were computed during OPLS-DA model training. Model results were further validated using CV-ANOVA significance testing. Back-scaled loadings plots were generated from OPLS-DA models (57) . Ellipses in the PCA and OPLS-DA score plot and the corresponding dendrograms were generated with our PCA/PLS-DA utilities (58, 59) and implemented in MVAPACK (42) . The ellipses correspond to the 95% confidence limits from a normal distribution for each group.
